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Abstract 
X-ray and high-speed video are used to capture the deformation of a collegiate baseball impacting with a flat-wall. 
Recorded data include the maximum force and maximum displacement from the high-speed video.  The force and x-
ray video image data are synchronized and analyzed using the ImageJ (freeware) image analysis program. Of 
particular interest is the ability to view the overall deformation of the individual constituents of the ball and the 
localized compression of the wool windings. The data are used as a validation reference for modeling and associated 
simulation results and offer insights into baseball impact dynamics. 
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1. Introduction 
The accurate modeling of a baseball impact requires an understanding of the mechanisms responsible 
for the time-dependent deformation, time-dependent force and coefficient of restitution. To obtain the 
necessary insight to perform ball-impact analyses requires a thorough understanding of how the individual 
constituents of the baseball interact during the impact event and the characterization of their respective 
mechanical behaviors. X-ray imaging is one method that can be used to peer into the baseball during an 
impact. Taking advantage of the respective densities of the constituents of the pill and wool windings, X-
ray imaging and high-speed video can be combined to offer a view of how the ball constituents interact as 
a function of impact velocity.  It is believed that this research is the first to give an in-situ view inside a 
baseball during an impact.  
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This paper presents X-ray video image analysis of a Rawlings R1NCAA Extra Innings Technology TM 
collegiate baseball as a function of impact velocity ranging from 26.5 to 61.2 m/s (59 to 137 mi/hr). The 
x-ray images show the individual deformations of the pill and the wool windings and snapshots during the 
impacts clearly identify the pill constituents, the wool windings, and the compaction of the wool windings 
as a result of the impact. 
2. Test Method 
An air cannon was used to project a baseball at an instrumented flat steel plate. Baseballs were placed 
in a sabot and propelled at the flat steel plate to impact a prescribed velocity within ±0.45 m/s (±1 mi/hr).  
The ball passed through a series of light gates to record inbound and rebound velocities. A Xylon, 
300Kv/3mA constant potential, air cooled, X-ray source; a Medelex GOS Model QXS-123 Image 
Intensifier (12/9/6-inch Triple Mode with High Performance 95-mm Lens and 90-degree camera mount) 
and a Redlake model HG-LE high-speed video camera were used to capture the flat-wall impact 
deformation at peak deformation.  
The X-ray images and impact force were recorded at 20 kHz giving a timing resolution of 50 ȝs. Force 
data were acquired from three load cells using a National Instruments model PCI-MIO-16E-4 data 
acquisition board, a summation box and LabView data acquisition software. The force and X-ray video 
image data were synchronized, and the video images were analyzed using the ImageJ image analysis 
software. 
The balls were conditioned at 22 ± 0.5qC (72±1qF) and 50 ± 5% relative humidity for a minimum of 
14 days prior to testing. The test room was controlled to 22 ± 1.5qC (72 ± 3qF) and 50 ± 10% relative 
humidity. The test balls were exposed the test room for no more than 10 minutes. 
3. Results 
The X-ray image quality was of sufficient visual and temporal resolution to identify the principle 
constituents of the ball at the approximate instant of maximum deformation. It should be noted that minor 
error was introduced in the exact moment of maximum deformation as the image capture was subject to 
the time resolution of the video camera (i.e., 50 ȝs). The dimensions of the constituents were identified 
and recorded for impact velocities ranging from 26.5 to 61.2 m/s (59 to 137 mi/hr).  
The individual constituents are identified in Fig. 1(a), and the nomenclature used to identify the pill 
and ball deformation is shown in Fig. 1(b).   The black block in Fig. 1 is the impact plate and the white 
line represents the actual impact plane (minor parallax error occurred due to a slight misalignment of the 
radiation source and the high-speed video camera).  
The pill and ball deformations were determined by selecting the video image representing the 
maximum impact deformation Fig. 2(a-e). Image analysis was performed using the initial geometry as a 
scale reference. The maximum impact deformations were determined by subtracting the resultant 
dimension from the reference. A summary of the pill and ball maximum deformations as a function of 
impact velocity are given in Table 1. Of particular interest is the wool densification region that occurs 
between the pill and the impact plate, Dimension D. Although difficult to visualize in the images 
presented in Fig. 2(a-e) the original images clearly indicate a darkening of the wool. This darkening is due 
to an increase in wool density as a direct result of the compressibility of the windings. 
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Fig. 1. (a) X-ray image identification of ball constituents; (b) nomenclature used to identify constituent deformation 
 
 
 
 
 
 
 
Fig. 2.  X-ray image of deformation at impact velocities of (a) 26.5; (b) 36.2; (c) 45.3; (d) 53.8; (e) 61.2 m/s 
Fig. 3 shows the deformation profiles of the ball and pill as a function of impact velocity. The largest 
deformation is observed in the pill— horizontal and vertical directions. The pill horizontal compression 
deformation is approximately twice the deformation of the wool between the pill and the impact plate. 
This result suggests a high degree of pill compliance and the immediate storage of elastic energy. After 
approximately 45 m/s (100 mi/hr), the deformation profile changes and a larger contribution is seen in the 
ball and pill vertical deformation. Above 45 m/s (100 mi/hr), the wool between the pill and the impact 
plate reaches a compression limit. Once the compression limit is reached, Poisson’s effects occur 
explaining the vertical deformation increase. Inertial effects also account for the increase in wool back 
wall compression thus adding to the increase in vertical pill deformation. 
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Table 1. Maximum force and deformation of pill and ball as a function of impact velocity 
 
Fig. 3. Maximum deformation of the ball and pill as a function of impact velocity 
 
Hertzian theory is used by the vast majority of the theoretical work concerning the collision of two 
isotropic, homogeneous bodies with spherical surfaces in a static linear elastic approximation [1]. The 
quasi-static formulation completely ignores the existence of stress waves, yet despite this limitation, the 
results of Hertz’s original calculations have withstood the test of time, and have been verified 
experimentally [2].  Hertz gave formulations for the size of the contact area between the two bodies and 
the displacements as a function of position and time. The two most relevant parameters for this study are 
the contact time tc, and the maximum force between the two bodies fmax. For a ball impacting an infinite 
plate, these parameters can be described as functions of the ball radius rb and impact velocity vin. 
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Impact Velocity (m/s)
B (Pill Horizontal) C (Wool Back Wall) D (Wool Front Wall)
E (Ball Horizontal) F (Pill Vertical) G (Ball Vertical)
Impact Velocity (m/s)  26.5 36.2 45.3 53.8 61.2 
Maximum Force (kN)  12.9 20.2 25.4 30.2 35.2 
Impact Area = ʌA2/4 (sq mm)  2241 3066 3360 3561 3804 
Pill Horizontal  Deformation, B (mm)  5.7 7.3 8.3 8.6 8.6 
Wool Back-wall Deformation, C (mm)  0.9 1.9 2.2 2.2 2.5 
Wool Front-wall Deformation, D (mm)  3.8 4.1 4.7 5.1 5.1 
Ball Horizontal Deformation , E (mm)  10.0 12.3 14.6 16.2 16.8 
Pill Vertical Deformation, F (mm)  0.2 0.2 0.9 1.4 1.4 
Ball Vertical Deformation, G (mm)  0.0 0.0 0.3 0.3 1.0 
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 tc =k1rbvin-1/5 (1) 
     fmax = k2rb2vin6/5  (2) 
where k1 and k2 are functions of the material properties and geometries of the ball and plate, and rb is the 
radius of the ball. 
In practice, a more conventional parameter to calculate is the area of the common circle of contact, A, 
which Hertz’s theory shows is given by 
 A= ʌrbh (3) 
with 
 h5/2=15mbvin2(Xb+Xp)/16rb1/2 (4) 
where mb is the mass of the ball and Xb and Xp are elastic coefficients for the ball and plate, with 
 X = (1-ȣ2)/E (5) 
The experimental parameters A and tc thus have characteristic dependence on vin, 
 A ן vin0.8 (6) 
 tc ן vin-0.2 (7) 
Gugan [3] in studying the dynamics of cricket balls impacting flat wooden and steel plates shows that 
the area and duration of contact are consistent with Hertz’s elastic theory of impact despite the loss of 
about 40% of the kinetic energy of the collision. Results of experiments gave exponents of 0.77 ± 0.03 
and -0.23 ± 0.03 for A(vin) and tc(vin), respectively, compared with values of 0.8 and -0.2 given by Eqs. 6 
and 7. Gugan suggests that the results fit well to Hertz theory regardless of the kinetic energy loss because 
the loss occurs after the time of the maximum compression of the ball. This result was confirmed by the 
experiments of Cross [4] on the mechanical hysteresis which gives rise to energy loss. Cross also shows 
that the impact is approximately Hertzian, but the force during recoil is notably depressed and it is also 
clear that the ball has not fully recovered its shape at separation from the contact surface. 
A comparison of A(Vin) of the baseball to Hertzian contact theory using the Gugan exponent is shown 
in Fig. 4. The results show good agreement up to approximately 45 m/s (100 mi/hr) using the Gugan 
exponent of 0.77. Beyond 45 m/s (100 mi/hr) the experimental values diverge from theory and may be the 
result of a change in the fundamental mechanics of the baseball as the wool compression limit is reached. 
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Fig. 4. Contact area vs. impact velocity of a baseball comparing experiment to Hertz’s theory 
 
4. Conclusion 
X-ray image analysis of a baseball impact has been presented. A unique insight into the mechanics of 
baseball impact is facilitated by visualizing the internal contributions of the pill/wool interaction on the 
overall deformation of the ball. Results are compared to Hertzian theory with good agreement up to 
approximately 45 m/s (100 mi/hr). At impact velocities greater than 45 m/s (100 mi/hr), experimental 
results indicate a change in the fundamental mechanics of the baseball. 
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